ABSTRACT. TUSC3 interacts with the protein phosphatase 1 and magnesium ion transport system, which plays an important role in learning and memory. Abnormal conditions of learning and memory are common clinical characteristics of mental retardation (MR). However, the association of TUSC3 genetic polymorphisms with MR remains unknown. A total of 456 DNA samples including 174 nuclear families containing MR were collected in the Qinba mountain area of China. The genotypes of eight tag single nucleotide polymorphisms of TUSC3 were evaluated with traditional genetic methods. Familybased association tests, transmission disequilibrium tests (TDTs), and haplotype relative risk (HRR) analyses were performed to investigate the association between genetic variants of the TUSC3 gene and MR. The genetic polymorphisms rs10093881, rs6530893, and rs6994908 were associated with MR (all P values <0.05) based upon the results of single-site TDT and HRR analyses. The haplotype block consisting of rs6530893 and rs6994908, harboring the sixth exon of TUSC3, was also associated with MR (all P values <0.05). This study demonstrated an association between genetic polymorphisms of the TUSC3 gene and MR in the Qinba mountain area, the sixth exon of which might contribute to the risk of MR. However, further studies are needed on the causal mechanisms in this association.
INTRODUCTION
Mental retardation (MR) is a group of heterogeneous neuropsychiatric disorders, defined as significant limitations both in intellectual functioning and in social adaptive behavior with onset before the age of 18 years in affected subjects. Of the general population, its prevalence is confirmed as between 1 and 2% (Krahn and Fox, 2014) . However, the morbidity reaches 3.19% in the Qinba mountain area in China. MR occurs locally in a familial clustering manner, which suggests that genetic abnormalities may play a critical role. More than 100 genes have been identified to be associated with X-linked mental retardation in recent years (Lubs et al., 2012) , including FMR1 (Guruju et al., 2009) , MECP2, GDI1, OPHN1, PAK3, and ILIRAPL1, among others. However, identification of the genes responsible for autosomal recessive mental retardation (ARMR) has advanced in a slow and laborious manner. To date, only approximately 10 genes have been identified (Afroze and Chaudhry, 2013) , including PRSS12 (Molinari et al., 2002; Didelot et al., 2006) , CRBN (Higgins et al., 2004) , CC2D1A (Basel-Vanagaite et al., 2006) , CC2D2A (Noor et al., 2008) , GRIK2 (Motazacker et al., 2007) , and tumor suppressor candidate 3 (TUSC3) (Garshasbi et al., 2008; Molinari et al., 2008) . Although, numerous genes related to MR have been identified, understanding the biological basis of heterogeneous MR is still an enormous challenge. We still have limited information about genetic heterogeneity and the relationship between genotypes and phenotypes in the affected brains. Recent progress in the field of genetics provides us with an opportunity and clues to understand the molecular and genetic bases of MR (Inlow and Restifo, 2004) . However, these candidate genes still await investigation to confirm their roles in different MR populations.
TUSC3 was originally identified as a tumor suppressor gene within a homozygousdeleted region in pancreatic cancer (Bashyam et al., 2005) , located on chromosome 8p22. In 2008, TUSC3 was first reported to be associated with ARMR (Garshasbi et al., 2008; Molinari et al., 2008) . Subsequently, in a large Pakistani family, a second novel deletion mutation was reported (Khan et al., 2011) . Later, a fourth mutation has been identified in the TUSC3 gene among Iranian population (Garshasbi et al., 2011) . To date, a third deletion mutation was reported in an Italian patient with MR (Loddo et al., 2013) . Controversially, the TUSC3 gene was excluded from consideration using polymorphic microsatellite and statistical analysis in four Tunisian families, likely due to the extreme heterogeneity of ARMR (Mhamdi et al., 2011) . Therefore, although TUSC3 was suggested as the fifth gene to be associated with nonsyndromic ARMR (Garshasbi et al., 2011; Afroze and Chaudhry, 2013) , it remains a challenging task to screen and confirm this candidate gene, requiring investigation of different populations in multiple research cohorts. Therefore, we investigated the possible association between the TUSC3 gene and ARMR in the Qinba mountain area with a nuclear family sample, which will eliminate or reduce the effect of heterogeneity of ARMR, in order to confirm the relationship between the TUSC3 gene and ARMR.
MATERIAL AND METHODS

Subjects
The intelligence levels of children aged 4 to 5 and 6 to 16 years were evaluated using the Chinese Wechsler young children scale of intelligence (C-WYCSI, 1992) (Gong and Dai, 1992) and the Chinese Wechsler intelligence scale for children (C-WICS, 1993 ) (Gong and Cai, 1993) , respectively. The social disability scores of participants were assessed using the adaptive scale for infants and children (Zuo et al., 1988) . The intelligence quotient (IQ) and social disability scores of each patient with MR were determined to be <70 and ≤8, respectively. The adult values were estimated by the Chinese classification of mental disorders, 2nd revision (CCMD-2-R) (Chen, 2002) . Physical examination, behavior check, medical history investigation, and necessary examinations in laboratory were performed to exclude other etiologies such as infection, trauma, dystrophia, toxicosis, cerebral palsy, and birth complications, among others.
DNA isolation
The children with an IQ less than 75 were considered as probands and were recruited together with their parents. A total of 456 samples from 174 nuclear families with MR in the Qinba mountain area were collected. Peripheral blood samples were collected from all participants. Genomic DNA was extracted from peripheral blood using a modified phenol/chloroform method. DNA was stored at 4°C until the samples were further processed. The whole study was approved by the Ethics Committee of the National Human Genome Center, and was performed with previous consent of the participants.
Single nucleotide polymorphism (SNP) selection and genotyping
Tag SNPs were screened using the HapMap Genome Browser and Haploview version 4.1 software (Barrett et al., 2005) . The criterion for tagging was set at r 2 > 0.8 and Han Chinese in Beijing minor allele frequency >0.1. If a tag failed genotyping, an alternative tag SNP was chosen. Finally, eight SNPs of the TUSC3 gene, rs12677098, rs10093881, rs1035972, rs6530893, rs6994908, rs1421244, rs11989862, and rs352808, were selected. Primers were designed with the Primer Premier Version 5.0 software (http://www.premierbiosoft.com). The length of the polymerase chain reaction (PCR) products and the sequencing primers are shown in Table 1 . The PCR-single-strand conformation polymorphism method was used for genotyping of the eight SNPs; the detailed information is shown in Table 1 . PCR was carried out in a total volume of 10 µL containing 0.8 µL template DNA (20 ng/µL), 5 µL 2X Taq PCR Master Mix, 0.2 µL of each primer (10 µM), and 3.8 µL ddH 2 O. The PCR products were amplified with an initial 5 min denaturation at 95°C, followed by the corresponding cycles at 95°C for 30 s, at the corresponding annealing temperature (see Table 1 ) for 30 s, 72°C for the corresponding time, and a final extension period at 72°C for 5 min. Each 2 µL PCR product sample was mixed with 8 µL denaturing loading buffer (containing 95% formamide, 0.25% xylenocyanol, 0.25% bromophenol blue, and 10 mM ethylenediaminetetraacetic acid, pH 8.0), denatured at 98°C for 10 min, and then rapidly cooled to -20°C. The DNA fragments were separated by electrophoresis on the corresponding polyacrylamide gel and observed by silver staining. After genotyping, six randomly selected samples were sequenced to determine the alleles for the genotyping results. For quality control, 10% random samples were repeated and showed 100% concordance for all polymorphisms. 
Statistical analysis
Hardy-Weinberg equilibrium was assessed using FINETTI (http://ihg.gsf.de/cgi-bin/ hw/hwa1.pl). Linkage disequilibrium (LD) was calculated, and haplotypes were constructed with Haploview version 4.1. Single-site and haplotype transmission disequilibrium tests (TDTs) and haplotype relative risk (HRR) analyses were performed with Haploview version 4.1 and UNPHASED version 3.0.13 (Dudbridge, 2003) . The multiple testing correction of P values was performed by the positive-false discovery rate (FDR q value) by R with the Q value software (Storey and Tibshirani, 2003) . Statistical power analysis was performed using Quanto1.2.4 (Millstein et al., 2006) . Statistical significance was set at P < 0.05.
RESULTS
The genotype frequencies of all SNPs were in Hardy-Weinberg equilibrium (P > 0.05). Single-site TDT demonstrated that each one of the alleles was significantly over-transmitted in the patient group for rs10093881 (P = 0.0411), rs6530893 (P = 0.0075) and rs6994908 (P = 0.0084) sites (Table 2) . Both rs6530893 and rs6994908 sites remained significant after multiple corrections (all FDR q values <0.05). The HRR analysis also showed a similar trend for rs10093881, rs6530893, and rs6994908 sites (P = 0.0405, 0.0069, and 0.0081, respectively) (Table 3) . After correction, a positive result was supported by the allele frequencies of both rs6530893 and rs6994908 between the subjects and the virtual control (all FDR q value <0.05). LD analysis and haplotype structure were performed using Haploview version 4.1. Elevated LD was apparent between rs6530893 and rs6994908 sites, which constituted a haplotype block. The haplotypes with frequency >0.05 were included and analyzed in the following steps.
SNP
Haplotype analyses also demonstrated similar results using the TDT method (TDT: T-T, P = 0.0011, T-C, P = 0.0461) ( Table 4 ). Upon further testing by multiple testing corrections, the association between the rs6530893-rs6994908 haplotype and ARMR in the Qinba mountain area remained significant (TDT: T-T FDR q value = 0.0185). This haplotype was subsequently tested for HRR analyses. The rs6530893-rs6994908 haplotype was also associated with ARMR in this region (HRR: P = 0.0046) ( Table 5 ). The haplotype of rs6530893-rs6994908 remained associated with ARMR in the Qinba mountain area after multiple testing corrections (HRR: FDR q value <0.05). Power and sample size assessments indicated that the present sample size had >85% power to detect the potential association between TUSC3 and ARMR in the Qinba mountain area in China. Haplotypes with frequencies lower than 0.05 were excluded from the calculation of P value. 
DISCUSSION
MR is still one of the largest unresolved problems of human health care in the world. In the past decade, more than 450 genes were demonstrated to be associated with MR and related cognitive disorders (van Bokhoven, 2011) . It is estimated that the total number of gene defects causing MR could run into the thousands (Inlow and Restifo, 2004) . Although genomewide association studies and whole-exome sequencing have facilitated mutation screening, to date, only 13 loci and 10 genes have been identified to be associated with ARMR (Afroze and Chaudhry, 2013) , i.e., PRSS12, CRBN, and TUSC3, among others. The reasons for the present state lie in the fact that relevant research has been performed in industrialized countries, where the large families required for efficient analyses are currently rare. MR is genetically heterogeneous, and validation of the causative role of the identified genes awaits confirmatory studies in other cohorts. Furthermore, the high frequency of failure to replicate results is fraught with disturbing population stratification. In contrast, the Qinba mountain area, located in northwest China, is isolated because of poor economic conditions and lack of transportation. The prevalence of MR (2.78%) is higher than the average in China (1.07%), and heritability is as high as 70.23% (Li et al., 1999) . Family-based association analysis can eliminate differences in genetic background and decrease population stratification problems (Altshuler et al., 2000; Laird and Lange, 2008) . Thus, family-based association analyses were used to study the relationship between the TUSC3 gene and ARMR within this unique population base.
According to the TDT and HRR single-marker and haplotype analyses, both rs6530893 and rs6994908 were positively related to MR, which suggested that the TUSC3 gene might be associated with MR in the Qinba mountain area. The UCSC genome browser (http://genome. ucsc.edu/cgi-bin/hgGateway) showed that rs6530893 and rs6994908 were in proximity to each other, and located at either end of the sixth exon of the TUSC3 gene. Furthermore, in 2008, a research group reported that a French family existed with a single base pair insertion (c.787_788insC) in the sixth exon of the TUSC3 gene (Molinari et al., 2008) , resulting in a premature stop codon, p.N263fsX300, and leading to mRNA decay. Therefore, the sixth exon may contribute to the risk of MR. Further studies on the sixth exon of the TUSC3 gene (e.g., mutation scanning/detection, functional analysis, etc.) in the Qinba mountain patients with MR should be conducted during the next phase of investigation.
MR is a frequent cause of cognitive disability (Ramakers, 2002) . Recent studies have shown that the TUSC3 gene may be implicated in some pathways that are important for cognitive development. The TUSC3 gene has 11 exons and spans 224,265 bp of genomic DNA. It is expressed in a wide range of human tissues, including the brain. According to the UniProtKB database, the TUSC3 gene encodes a predicted 348-amino acid protein with five potential transmembrane domains. Ost3, its ortholog in yeast, encodes an oligosaccharyltransferase (OTase) that catalyzes the transfer of a 14-sugar oligosaccharide from dolichol to nascent proteins (Kelleher and Gilmore, 1994; MacGrogan et al., 1996) . TUSC3 might also influence the etiology of MR through a similar mechanism. In the brain, the TUSC3 gene interacts with the alpha isoform of the catalytic subunit of protein phosphatase 1 (PPPC1A; MIM176875) (Rual et al., 2005) , which plays a role in the modulation of synaptic and structural plasticity (Munton et al., 2004) . In addition, protein phosphatase 1 also affects learning and memory (Genoux et al., 2002) . Therefore, a suggested mechanism underlying MR might be the impairment of PPPC1A function. Alternatively, a recent study has revealed that TUSC3 is an indispensable member of the vertebrate plasma membrane magnesium ion (Mg 2+ ) transport system (Zhou and Clapham, 2009 ). An increase in the level of Mg 2+ in the brain enhanced learning abilities, working memory, and short-and long-term memory in rats (Slutsky et al., 2010) . Therefore, disturbed Mg 2+ levels caused by TUSC3 impairment might also be responsible for the MR phenotype in patients.
There remain some controversial issues in studies on the role of the TUSC3 gene in MR, including population stratification, false-positive discovery rates, and limited typical family size. Several previous studies had reported an important role of the TUSC3 gene in non-syndromic ARMR, within only one or more typical MR families, and covering different homozygous deletions that included the first or other exons of this gene (Garshasbi et al., 2008; Khan et al., 2011) . However, as the genetic variants of TUSC3 underlying MR were still unknown, additional fine mapping work was needed. Nevertheless, Mhamdi et al. (2011) failed to explore the linkage between the TUSC3 gene and MR with the methods of polymorphic microsatellite and statistical analysis in four MR Tunisian families. Based on these limitations, we intended to determine whether TUSC3 polymorphism was a risk factor for MR using a population sample rather than just a few consanguineous families.
To the best of our knowledge, our study is the first to evaluate TUSC3 polymorphisms and their constructed haplotypes in relation to the risk of MR based on nuclear families in the Qinba mountain area. HRR and TDT analyses compared transmitted and non-transmitted genotypes determined through examination of parent/patient trios to provide a more robust association study of candidate genes, comparing traditional population case-control and linkage studies. Both the HRR and TDT methods can be used to analyze the same data and, thus, are alternative and complementary approaches to family-based association analysis (Schindler et al., 2001) . The consistent results obtained using these two methods in this study also assured the reliability of our results. In addition, haplotype analysis may be more powerful than indi-vidual marker analyses (Akey et al., 2001) , so haplotype analyses were performed following individual marker analysis. Finally, all the P values in the study were corrected using the Q value software based on false-discovery rates; thus, we could exclude the possibility of falsepositive results in our findings.
There are some limitations in the present study. For example, due to the relatively small sample size, further investigations using a larger sample are necessary to confirm the present findings. Another potential limitation is the absence of functional assays. Future research is needed to determine how the mutation in the sixth exon of TUSC3 functionally underlies a mechanism leading to MR.
In summary, our results suggest that the TUSC3 gene is associated with MR in the Qinba mountain area in China. In addition, the sixth exon of the TUSC3 gene may contribute to the risk of MR. Further detailed research on these factors will help to elaborate the pathogenesis of MR.
